[1] The spectral induced polarization (SIP) signature of soil contaminated with organic pollutant was studied. Using a flow column experiment, the effect of crystal violet (CV, a polar organic pollutant) on the temporal change of the SIP response over a broad frequency range (1 mHz to 45 KHz) was determined. Complimentary measurements were used to determine the effect of CV on the chemical composition of both the pore water and the solid surface. In addition, analysis of the experimental results was carried out by using both chemical complexation and induced polarization models. Our results shows that adsorption of CV to the mineral surface resulted in release of inorganic ions to the soil solution, increasing the solution electrical conductivity and therefore also the real part of the complex conductivity. Despite the increase in the real part of the complex conductivity, the imaginary part of the complex conductivity decreased with increasing concentration of adsorbed CV. Using the Revil induced polarization model, we were able to show that the contribution of the adsorbed CV to the polarization of the soil is negligible, and that the main process affecting the polarization is the decrease in the density of the inorganic surface species. The results of this study can be used to better interpret SIP signature of soils contaminated by organic compounds. 
Introduction
[2] In recent years there is a growing interest in using geophysical methods in general, and geoelectrical methods in particular in detecting and monitoring organic contamination in the subsurface [e.g., Vanhala et al., 1992; Borner et al., 1993; Atekwana et al., 2000; Aal et al., 2006; Kaufmann and Deceuster, 2007; Cassiani et al., 2009; Schmutz et al., 2012; Schwartz et al., 2012] . Of these methods, the spectral induced polarization (SIP) is a promising method as it is sensitive to both pore fluid content and characteristics, and to mineral-fluid interfaces and their chemical composition [Jougnot et al., 2010; Knight et al., 2010] . The general idea with the SIP method is to inject an alternating current through two electrodes and to measure the resultant potential between two other electrodes located along the current path. Using a sensitive measurement system the complex electrical conductivity (s* (S m À1 )) of the soil can be recorded. The complex electrical conductivity can be written in polar form or decomposed to its real and imaginary component such that
where r* (W m) is the complex electrical resistivity (i.e., the conductivity reciprocal), i 2 = À1 is the imaginary unit, f (rad) is the phase, and s′ (S m
À1
) and s″ (S m À1 ) are the real and imaginary part of the complex conductivity, respectively. Because s′ and s″ are sensitive to energy dissipation and storage processes, respectively, the decomposition of s* allow insight to these processes within the porous media.
[3] Several studies used SIP to investigate the influence of organic contaminant on the electrical signature of soil. Olhoeft [1985] studied the effect of organic waste on the phase and resistivity of clay soil and reported an increase in resistivity and decrease in phase of contaminated samples. Borner et al. [1993] shows that the presence of organic contamination (oil, benzene, hexane, dichloromethane) in sandy soil resulted in a decrease of s″. Similar results were also reported by Vanhala [1997] who hypothesized that oil replace ions in the electrical double layer of the soil, but did not support this hypothesis by direct evidences. More recently, Cassiani et al. [2009] reported that in unsaturated sandy sample, addition of non-aqueous phase liquid (NAPL) resulted in a increase of s′, and suggested that density difference between NAPL and water phases resulted in a heterogeneous distribution of the NAPL in the pore space, which in turn affects s′. In a series of studies on soil saturated with water and NAPL, Revil and colleagues [Schmutz et al., 2010; Revil et al., 2011; Schmutz et al., 2012] showed that the presence of non wetting NAPL (i.e., waterwet surface) resulted in a increase of both the electrical resistivity (reciprocal of s′) and phase as can be expected from the reduction in the water saturation. For wetting NAPL they showed that increase in NAPL saturation resulted in a decrease in resistivity and phase, and attribute this behavior to changes in the electrical double layer of the mineral surface. Another evidence to the effect of organic contaminant on the electrical properties of soil was presented by Schwartz et al. [2012] . They reported that addition of NAPL to unsaturated porous media increase s′ and decrease s″, and attributed these changes to adsorption of polar organic compounds to the mineral surface, and to the release of inorganic ions from the surface to the solution. In their work Schwartz et al. [2012] used diesel fuel and motor oil, and provided only a general understanding of the processes taking place during NAPL-water-soil interaction. In this work we expand the work of Schwartz et al. [2012] to investigate the effect of a single organic cation on the SIP signature of a well characterized soil and provide direct experimental support to their general model.
Polarization Mechanisms
[4] At the frequency range typical to SIP measurements (mHz to several KHz) there are two major mechanisms affecting the SIP signature of porous media: electrochemical and interfacial (also known as Maxwell-Wagner (MW)) polarization. The electrochemical polarization includes the membrane and Stern layer polarization, and is primarily related to the polarization of the electrical double layer (EDL), while the interfacial polarization is related to charge build-up at interfaces separating materials differing in their electrical properties. In the following we briefly introduce electrochemical and interfacial polarization, as these mechanisms are crucial in the interpretation of our results. A detailed descriptions of these mechanisms can be found in the literature [e.g., Sen et al., 1981; Chelidze and Gueguen, 1999; Leroy et al., 2008; Jougnot et al., 2010] .
Polarization of the Electrical Double Layer
[5] The EDL consist of a fix charge at the solid's surface (in soil usually negative) compensated by an opposite charge ionic atmosphere [Sposito, 1984] . A widely accepted model for the structure of the EDL is the triple layer model [Davis et al., 1978] . This model represents the solid-liquid interface using three different layers, including the solid surface itself, the Stern layer which is in a close vicinity to the surface and a diffuse layer that extend from the Stern layer to the bulk solution (for more details see Sposito [1984] and section 4.2 in this paper). Under an external electric field the EDL charges distribute asymmetrically leading to polarization of the EDL. Most of recent works explains the polarization of the EDL in terms of membrane or Stern layer polarization. While membrane polarization refers to accumulation and diffusion of charge at the EDL and the pore water [Marshall and Madden, 1959; Titov et al., 2002] , Stern layer polarization refers only to the polarization of the Stern layer [Leroy et al., 2008; Jougnot et al., 2010] . Although membrane polarization might have a non-negligible effect on the low frequency polarization [e.g., Jougnot et al., 2010] , in many cases models that account only for the Stern layer polarization were able to well explain experimental results [Leroy et al., 2008; Revil and Florsch, 2010] . Therefore, we will consider here the Stern layer polarization as the main process affecting the low frequency SIP signature of soil.
[6] The general idea with modeling Stern layer polarization, is to solve the Poisson-Nernst-Plank equation for the ion concentration field under the influence of an external electric field. For a single solid grain the complex surface conductivity s s r 0 (S m À1 ) is given by [Jougnot et al., 2010] 
where r 0 (m) is the grain radius, S d (S) and S s (S) are the conductance of the diffuse and Stern layer respectively, w = 2p f (rad s À1 ) is the angular frequency of the current with f (Hz) being the frequency, t 0 = r 0 2 /2D is the relaxation time (s), and D (m 2 s À1 ) is the diffusion coefficient of the counter ion at the Stern layer. The parameters S d and S s are intimately related to the physiochemical properties of the surface-electrolyte interface, and to the chemical composition of the bulk water. Assuming that only one specie is adsorbed to the mineral surface, and that the electrolyte is composed of N species, the Stern and diffuse layer conductance are give by [Vaudelet et al., 2011a] S s ¼ ejzjbG s ð3Þ
where e = 1.6 Â 10 À19 C is the elementary charge, z (À) is the valence of the ion, b (m 2 s À1 V À1 ) is the ion mobility, G s (m À2 ) and G d (m À2 ) are the surface site densities of the Stern and diffuse layer respectively. Approximation to S d is given by [Pride, 1994] 
where k À1 (m) is the Debye length, j d (V) is the electric potential at the head end of the diffuse layer,
) is the permittivity of free space, ɛ w (À) is the relative permittivity of the pore fluid, I f ¼ 0:5∑z 2 j c j is the ionic strength of the pore water (in mol m À3 ), c j (mol m À3 ) is the concentration of species j in the pore water, and N A = 6.02 Â 10 23 (mol
À1
) is Avogadro's number. From equation (2), it is clear that the surface conductivity depend on the particle radius r. Obviously, natural porous media is characterized by a particle size distribution (PSD). The relation between the relaxation time and the particle radius allows replacing the PSD with a relaxation time distribution (RTD), such as the commonly used ColeCole RTD model [Cole and Cole, 1941] 
where a is the Cole-Cole exponent (0 ≤ a ≤ 1), describing the broadness of the RTD. Combining the surface conductivity (equation (2)) with the RTD we obtain an expression for the complex surface conductivity of soil with a characteristic PSD and a mean particle radius, r [see Leroy et al., 2008] 
which describes the low frequency polarization of the Stern layer.
Interfacial Polarization
[7] As mentioned above, interfacial polarization results from a charge buildup at interfaces separating materials differing in their electrical properties. Although electrochemical and interfacial polarization act simultaneously, electrochemical polarization is more dominant at low frequencies while interfacial polarization is dominant at higher frequencies (f > 100 Hz). Typically, interfacial polarization is modeled by effective medium theory such as the two phase self similar model proposed by Sen et al. [1981] (for a more recent review on interfacial polarization see Cosenza et al. [2009] ). For a saturated porous media containing two phases (i.e., solid and fluid) a model for the complex conductivity that include interfacial polarization is given by [Maxwell, 1892; Sen et al., 1981; Leroy et al., 2008] 
where F = n Àm is the formation factor, n is the porosity, m is the cementation exponent (all unitless). The complex surface and fluid conductivity (s* s and s * f respectively) are given by [Chelidze and Gueguen, 1999] 
where s f (S m À1 ) is the pore fluid electrical conductivity, and ɛ s the relative permittivity of the solid.
Methods

Soil Preparation
[8] The soil used in this experiment is a red sandy loam ("Hamra") that was pre washed with 0.1 N HCl by mixing 5 kg of the soil with 10 L of the acid for few minutes. After mixing and equilibrium time of 24 hours the supernatant was removed. To ensure homoionic composition of the soil solid phase, the soil was washed three times with 1 N NaCl solution (using similar procedure as with the acid wash). Afterwards, the soil was washed with deionized water until the supernatant electrical conductivity (EC) was $1000 mS/cm. After washing, the soil was oven dried, aggregates were broken using a kitchen mixer, and the soil was stored in a closed vessel until used. To examine the washing quality, we measured major ion concentration (Na + , K + , Ca 2+ , Mg 2+ ) in 1:10 soil water extraction, and exchange ion concentration using the ammonium acetate method [Sumner and Miller, 1996] . The results of these measurements are reported in Table 1 . Details of soil packing are given in the next section.
Electrical Experiment
[9] Electrical properties of the soil were measured using the ZEL-SIP04 impedance spectrometer, designed especially for SIP measurement of porous media [Zimmermann et al., 2008] . A 53 cm long 6 cm in diameter Plexiglas column was used as a sample holder (see Figure 1 ). Four equally spaced (15 cm) electrodes ports were installed on the same vertical line of the column. Both current and potential electrodes were made of brass. The current electrodes were 10 cm long and cross the entire sample diameter. The potential electrodes were 5 cm long and were slightly retracted from the sample within their respective holes. Electrical contact between the potential electrode and the sample was obtain through the electrolyte. To test the measurement system The solution concentrations are reported for 1:10 soil:water extraction, while the exchangeable concentrations were obtained using the ammonium acetate method. Figure 1 . Sketch of the sample holder and the measurement system (for more detail on the measurement system see Zimmermann et al. [2008] ). The current (1,4) and potential (2,3) electrodes are equally spaced (Wanner array).
accuracy the electrical signature of tap water was measured and the results show very low error (<0.3 mrad at 1 KHz).
[10] Air dried soil was packed in the column by adding small portions ($100 ml) of soil to the column and gently compressing each portion. Based on an assumed particle density of 2.65 g cm À3 the porosity of the sample was 0.376. Immediately after packing the column was placed vertically and the column inlet (bottom) was connected to a peristaltic pump. To wash excess salt, a constant flux (0.84 cm min À1 ) of 2 mM NaCl solution was injected into the soil column until equilibrium between the inlet and the outlet EC was obtained (EC = 240 mS/cm). At this stage (constant EC), the salt solution has been circulated between the column inlet and outlet. To show that the electrical signature remain constant two electrical measurements, one at the beginning of the circulation stage (t*) and the other 12 hr later (t 0 ) were taken (between these two measurements $16 pores volumes had been forced to circulate). The results of these measurements (see Figure 2 ) demonstrate the repeatability of our setup.
[11] At t 0 370 mg l À1 (0.9 mM) of crystal violet (CV, a polar organic compound) was added to the NaCl inlet solution (CV was chosen due to its high affinity to the soil but clearly other polar organic compounds could be used). As a result of the addition of the CV to the solution, the EC of the solution instantly increase to 314 mS/cm (from 240 mS/cm). From this time, periodic measurements (see Table 2 ) of: (1) CV concentration at the column inlet and outlet; (2) EC of the outlet solution; and (3) electrical measurements of the soil from 1 mHz to 45 KHz, were taken. The experiment ended when the change between two consecutive measurements become small (<3%). In Table 2 a summary of the sampling times and their respected pore volumes is shown.
Soil Chemistry
[12] Because the IP signature is sensitive to the physicochemical properties of soil, and as adsorption of organic cations can greatly affect these properties, we measured the adsorption isotherm of CV, and the affect of adsorption on the chemical composition of the soil. Standard adsorption isotherm experiment of CV was conducted by inserting 10 g of air dry soil to 50 mL centrifuge tube and adding 30 mL of CV solution at different concentration (0 to 500 mM). In all cases 2 mM NaCl was used as a background electrolyte. Following, the tubes were sealed and shaken on a horizontal shaker (150 rpm) for 24 hr. The suspension was centrifuged (5000 rpm for 30 min) and the CV concentration was measured using a UV-VIS spectrophotometer (Genesys 10uv, Thermo scientific) at wavelength of 596 nm. In addition, the EC of the bulk CV solution (without soil), and the supernatant EC of each treatment were measured. In all cases the data reported for these experiments is the mean of three replicates.
Results and Discussion
[13] In this section we present and discuss experimental and modeling results for the effect of polar organic contaminant on the SIP response of soil. We start by introducing two components (sections 4.1 and 4.2) that will later be used to understand the mechanisms taking place. In section 4.1 the adsorption isotherm of CV is shown and the effect of exchange process between sodium and CV ions on the EC of the soil solution is discussed. In section 4.2 we introduce a chemical complexation model and discuss the effect of CV adsorption on the surface site density of the different surface species. Next we move to present SIP results. In section 4.3 we show the SIP spectra of the soil before the introduction of the contaminant (CV), discuss its shape, and extract important parameters for the electrochemical model. In the last section (section 4.4) we discuss the effect of the organic contamination on the complex conductivity of soil.
Adsorption Experiment
[14] Figure 3 presents the adsorption isotherm of CV. High affinity between the soil and the CV is evident, as also reflected from the relatively high binding coefficient (K = 2.9 Â 10 4 M À1 for the Langmuir isotherm). This type of isotherm is usually produced by high specific interaction between the solid phase and the adsorbing substrate, or by a significant van der Waals interactions as often observed for polar organic molecules [Sposito, 1984] . Specifically, Rytwo et al. [1993] reported that the binding coefficient of CV on montmorillonite is six order of magnitude higher than of inorganic cation such as sodium, and argued that the specific interaction between CV and soil resulted in a formation of inner sphere complexes. In Figure 4a the change in the solution EC that results from the addition of CV in the presence of soil is shown (Figure 4a) . The results show that at low CV concentration (up to 10 mM) the solution EC remain constant, while at higher CV concentration (from 50 mM to Figure 2 . Real and imaginary part of the complex conductivity. The electrical signature between these two successive measurement remain constant, demonstrating the repeatability of the measurement. Between t* to t 0 clean solution was forced to circulate through the column. At t 0 CV was added to the system. 500 mM) the solution EC increase linearly up to a maximum increase of $36% at 500 mM of CV. In addition to the measurement of solution EC in the presence of soil, we also measured the EC of water with different concentration of CV (i.e., without soil), and compare the results to the expected EC of solution containing inorganic ions (Figure 4b ). The good agreement between the measured and predicted EC of CV in water indicates that the contribution of CV to the solution EC is similar to that of inorganic ions. Consequently, our results demonstrate an exchange process between the CV and the sodium cations that were absorbed prior to the exposure of the soil to CV. Because the affinity between the CV and the solid surface is high (Figure 3) , the increase in the solution EC with added concentration of CV is exclusively due to sodium cations that were released from the solid surface. The maximum CV concentration at the solution after the adsorption process is $8 Â 10 À3 meq/l which practically does not contribute at all to the solution EC (Figure 4b ).
Chemical Complexation Model
[15] In order to determine the parameters required for the electrical model described above (section 2.1) and to examine the effect of CV on the surface species composition of the soil, a triple layer model (TLM) was formulated. The equilibrium reactions considered for the TLM are
where X represents the surface framework, and K 1 to K 4 are the equilibrium constants of the reactions. According to the TLM the relations between surface charge and surface potential is given by [Davis et al., 1978 ]
where Q 0 , Q s , and Q d are the surface charge density (C m À2 ) of the surface, the Stern layer and the diffuse layer respectively, j 0 and j s are the potentials (V) at the surface and the Stern layer respectively, and C 1 and C 2 (F m À2 ) are the capacitance of the two molecular condensators located [Sparks, 1996] . between the surface and the Stern layer, and the Stern layer and the head-end of the diffuse layer, respectively. The surface charge density is also related to the density of the species at the different layers by
and
where G j (in sites m À2 ) represent the surface site density of specie j. In addition charge and mass balance required that
where G tot is the total site density.
[16] The model described above requires seven adjustable parameters to be solved (see Table 3 ). For the equilibrium constant K 1 through K 3 we use the values given by Phan et al. [2004] . The constant capacitance C 1 and C 2 were obtain from Davis et al. [1978] , and G tot was obtain from Sposito [1984] . Estimation of the equilibrium constant of crystal violet (K 4 ) was obtain by fitting the adsorption isotherm of crystal violet to the classical Langmuir equation (see section 4.1 and Figure 3 ). As can be seen in Table 3 , the equilibrium constant of crystal violet (K 4 ) is higher than the equilibrium constant of sodium (K 3 ) in three orders of magnitude. Similar difference between the equilibrium constants of sodium and crystal violet (and other organic cations) was also reported in other works [e.g., Margulies et al., 1988 Margulies et al., , 1995 . Finally, the system of equations (13)- (23) [17] Some model results are presented in Figure 5 where the surface site density of the different species (G XONa , G XOCV , G XOH ) is shown as a function of the total amount of crystal violet in the system. At zero crystal violet concentration the surface site density of XONa is G XONa = 5.6 Â 10 17 sites m À2 . With increasing crystal violet concentration, the surface site density G XOCV increases while the surface site density G XONa decreases. These results demonstrate the surface exchange process between the inorganic sodium and the organic CV. In our experiment a total of $9 mmol CV was added and adsorbed to the soil surface. At this CV concentration the surface site density of XONa decreases to G XONa = 1 Â 10 17 sites m À2 , and the surface site density of XOCV is G XOCV = 7 Â 10 17 sites m À2 . As electrochemical polarization is sensitive to the surface site density (see equation (3)), the adsorption of CV and the resultant change in the surface composition is expected to affect the low frequency polarization of the soil.
General Shape of the Spectra
[18] In Figure 6 the full spectra at t 0 (i.e., before the introduction of CV to the soil) is shown. The spectra shape is typical for sandy soils and in qualitative agreement with spectra shape usually reported in the literature [e.g., Leroy et al., 2008; Zisser et al., 2010; Vaudelet et al., 2011b] . Clearly, the spectra matches the two main polarization process considered in this work, the low frequency (few hertz's) electrochemical polarization, and the higher frequency interfacial polarization. Similarly to Zisser et al. [2010] , we choose to fit our data to a double Cole-Cole model, separating between the two mechanisms that governs the IP response. In terms of complex resistivity, the multiple ColeCole equation is
where r0 (W m) is the DC resistivity of the soil, m l , t l , and a l are the chargeability, the relaxation time, and the ColeCole exponent (or dispersion exponent) for each of the L models considered, respectively. We fit our data to the ColeCole model (equation (24)) by using the method of Chen Table 3 . Parameters for the Chemical Complexation Model et al. [2008] . To consider interfacial and electrochemical polarization we set L = 2 and separately plot the fitting result of each model (i.e., plotting for l = 1, L = 1 and l = 2, L = 2; see Figure 6 ). The parameters obtained from the Cole-Cole fitting are: s dc = 1/r 0 = 48.36 mS cm À1 , t 1 = 0.24 s, a 1 = 0.58, and m 1 = 6.7 Â 10 À2 . Note that we only consider the parameters relevant to electrochemical polarization as in this paper we are mostly interested in this mechanism.
[19] Assuming that the contribution of surface conductivity to the DC conductivity is negligible (in our case S s ≈ 4 Â 10 À9 S, computed using equation (3)), the formation factor can be written as F = s f /s dc [Vaudelet et al., 2011a] which in our case yields F = 4.9. Using the formation factor and the porosity of our sample (n = 0.376) we obtain the cementation exponent (m = 1.6) which is in agreement with Friedman [2005] . As the relaxation time is related to the particle radius and to the adsorb cation diffusion coefficient, we can calculate the mean particle radius which is an important parameter in the electrical model describe above (section 2.1). The diffusion coefficient of sodium (D Na (m 2 s À1 )) at the Stern layer was obtained by the Nernst-Einstein relationship D Na = k b Tb Na /ez using the assumption that the mobility of sodium in solution (b Na = 5.2 Â 10 À 8 m 2 s À 1 V À 1 [Vaudelet et al., 2011a] ) is equal to the mobility of sodium at the Stern layer. This is justified as in the adsorption process, sodium keeps its hydration shell and weakly adsorbs to the mineral surface (forming outer sphere complex) [see Leroy et al., 2008; Revil and Florsch, 2010, and references therein] . Based on the relaxation time and the diffusion coefficient we get an effective particle radius r = 2.5 Â 10 À5 m. This value suggests that the finer fraction of our soil is dominant in the SIP response.
Effect of Organic Cation on the SIP Signature of Soil
[20] The real part of the complex conductivity (s′) at 0.5 Hz, as a function of the number of pore volumes passed through our column is shown in Figure 7a . The results show that s′ increases from $50 mS cm À1 at t 0 (addition of CV to the system) to $100 mS cm À1 at t 6 ($255 pore volumes). The $100% increase in s′ between t 0 to t 6 can be partially explained by the $70% increase in the solution electrical conductivity as measured at the column outlet (see Figure 7b ). It is important to note, as demonstrated above, that the increase in the solution EC is attributed primarily to an increase in the sodium concentration that results from an exchange processes between sodium and CV ions at the mineral surface, and not from CV ions. This is evident, as the highest CV concentration measured at the column outlet (at t 6 ) is only 0.14 mM, which can explain only $14 mS/cm increase in the solution EC (see Figure 4) , only about 9% of the total increase observed.
[21] The imaginary part of the conductivity (s″) demonstrates a more complex behavior. At low frequencies ( f < 100 Hz) a consistent decrease in s″ with time (expressed as pore volumes) is observed while at higher frequencies ( f > 1 KHz) s″ increases with time (see Figure 8) . As an example, between the two equilibrium times t 0 and t 6 (i.e., clean and contaminated condition, respectively) s″ at 0.5 Hz decreases from $0.8 mS/cm to $0.1 mS/cm. Interestingly, the 88% decrease in s″ between t 0 and t 6 occurs despite the 100% increases in s′ (see Figure 7) . Theoretically, increase in the salinity of the pore solution (as observed here) should result in a increase of both s′ and s″ [e.g., Lesmes and Frye, 2001; Weller et al., 2011] . This is as higher salinity increases the surface site density, leading to an increase of the surface conductivity and the polarization (see equations (3) and (9) and Lesmes and Frye [2001] and Revil and Florsch [2010] ). In our case the increase in s′ resulted from exchange process between sodium and CV ions. In this process, sodium ions are released from the solid surface (a total of $80% decrease in the surface site density of sodium) to the pore solution and CV ions are adsorbed from the solution to the mineral surface. As obtain from the chemical complexation model (see section 4.2), at equilibrium the surface site density of XOCV is G XOCV = 7 Â 10 17 sites m À2 while the surface site density of XONa is G XONa = 1 Â 10 17 sites m
À2
(recall that before the introduction of CV to the system G XONa = 5.6 Â 10 17 sites m À2 ).
[22] Based on the above analysis, it appears that the polarization of the Stern layer is more sensitive to the decrease in the surface sites XONa, and less sensitive to the presence of the sites XOCV. As the surface conductivity (for z = 1) depends on both the surface site density and the cation mobility (see equation (3)), we argue that the mobility of adsorbed CV is significantly lower than the mobility of sodium ions. Indeed, adsorption of CV (and of many different organic cations) is characterized by both electrostatic and specific interaction with the solid surface [e.g., Margulies et al., 1988; Brownawell et al., 1990] . That is in contrast to the adsorption of the major inorganic cations (e.g., Na + , K + , Ca 2+ , Mg 2+ ) that mostly adsorb through electrostatic interaction [Sposito, 1984] . In addition, all the major inorganic cations retain their hydration shell in the adsorption process, while organic cations lack this shell. The absence of hydration shell and the specific interaction between the organic cations and the soil surface results in formation of inner sphere complexes between the soil and the organic cations [Margulies et al., 1988 [Margulies et al., , 1995 . Indeed, in a recent study Vaudelet et al. [2011b] argue that adsorption of metals as an inner sphere complexes reduces the mobility of these metals relative to their bulk mobility values.
[23] To examine the dominance of the XONa surface species over the spectral signature, we use the Stern layer polarization model (see section 2.1), with the same parameters for both the clean and contaminated spectra (at t 0 and t 6 respectively) except than the value of G XONa (see Figure 9) . For both the clean and contaminated spectra we use the surface site density obtained from the chemical complexation model. For the clean spectra we use G XONa = 5.6 Â 10 17 which is the surface site density of XONa where no CV exist in the system, while for the contaminated spectra we use G XONa = 1.7 Â 10 17 . The good agreement between the model and the experimental data (Figure 9 ) implies that the reduction in the concentration of the surface species XONa (that results from the exchange process between CV and Na ions) is the governing process affecting the polarization of the organic contaminated soil (i.e., the contribution of the XOCV surface sites to the polarization of the soil is negligible).
[24] In addition to the effect of organic cation on the low frequency polarization of the porous media, our results also indicate that at higher frequencies s″ increases with increasing concentration of adsorbed CV (see Figure 8 ). At these frequencies (f > 1 KHz) polarization of soil is mostly influenced by the interfacial polarization mechanism which is not in the scope of this work. Still a possible explanation to the increase in s″ at high frequencies is the changes in the dielectric properties of the solid-CV interface, especially as the CV is adsorbed as an inner-sphere complex to the solid surface but this have to be investigate in further research.
Summary and Conclusions
[25] The main objective of this study was to investigate the effect of organic contamination on the SIP response of soil. A laboratory experiment combined with chemical complexation and electrochemical polarization models was used as the primary tool. Based on our results we draw the following conclusions: (1) adsorption of organic contamination to soil significantly alters the chemical composition of the solid surface and the pore water, which in turn affect the SIP signature of the soil; (2) Exchange process between inorganic and organic ions results in an increase of both the electrical conductivity of the pore solution and the real part of the complex conductivity; (3) As the mobility of organic cations on the mineral surface is much lower than the mobility of the major inorganic cations that usually exist in soil, the contribution of the organic-surface complexes to the polarization of the soil is negligible; (4) The results reported here for a single organic cation are in agreement with the results reported by Schwartz et al. [2012] for a soil contaminated with diesel fuel and motor oil, i.e., cocktail of polar organic cations.
[26] This implies that even for a complex system containing free phase organic contaminants and polar organic compounds the main mechanism governing the low frequency SIP response is related to processes occurring at the mineral-fluid interface. Further, the chemical composition of both the Stern layer and the bulk fluid are of high importance, therefore chemical complexation model that describes the exact composition of both the mineral surface and the bulk fluid should be considered. In a further research the relative effect of polar organic contamination in a system containing both polar and free phase organic pollutions should be studied. Note that the only difference in the model parameters between the two spectra is the surface site density.
